It is difficult to design and fabricate a head-up display (HUD) with a large asymmetric field of view (FOV) while maintaining a good image quality. In this paper, we design and develop such a holographic HUD system. To improve luminance and enhance the environmental adaptability of the HUD, we use a liquid crystal display with high brightness as well as a holographic reflection element. The vertical FOV is tilted to an angle of −7°, which is consistent with the actual view of the pilot. The decentration and tilt of the optical relay system effectively compensate for the distortion and off-axis aberration due to the asymmetric FOV and tilted, curved combiner. The transition plates used in the mechanical structure significantly decrease the difficulty in fabrication and alignment, and virtual prototyping greatly reduces the risk and shortens the development cycle. Experimental results demonstrate that this prototype achieves a total FOV of 30°(horizontal) ×24°(vertical), a resolution of 1280 × 1024, and a 5% distortion.
Introduction
Head-up displays (HUDs), which are usually applied in airplanes, present the pilot with virtual symbols or images superimposed over real scenes [1] . Thus, the pilot can observe flight information as well as external situations without bending his/her head down. In recent years, HUDs have been introduced to the automotive industry and have become more and more popular because they can reduce the risk of accidents by keeping the driver's eyes on the road [2, 3] .
Recent calls for increased field of view (FOV), brightness, and diffraction efficiency have challenged designers and led to designs that use new image sources and holographic technology [4] [5] [6] . While the cathode ray tube (CRT) performs well in traditional HUD systems, its limitations in size, weight, resolution, luminance, and reliability are fatal [7] . With the development of digital technology, several digital image sources, such as liquid-crystal displays (LCDs), liquid crystal on silicon, and digital micromirror devices, have replaced CRTs [8] [9] [10] [11] [12] . The holographic technology used in HUDs would effectively increase diffraction efficiency because of its wavelength and angle selectivity. Unlike traditional HUD combiners coated with semitransparent film, the holographic combiner has two independent channels: internal and external [13] . There are currently several main holographic materials to choose from, including silver-halide gelatin, dichromate gelatin, photorefractive materials, and photopolymer materials. Compared with other holographic materials, the photopolymer material developed by Ha (which will be described in Section 5) has the advantages of being water-insoluble and insensitive to environmental humidity [14, 15] .
In this paper, the holographic head-up display (HHUD) we design and fabricate applies to helicopters, airliners, and transportation aircraft. To develop an advanced HHUD and improve its performance, a high-resolution and high-brightness LCD is used as the image source to replace a traditional CRT, and a holographic combiner is used to improve the diffraction efficiency of the internal and external channels simultaneously. Based on a 3.8 00 LCD, the system offers a FOV of 30°H × 24°V, an exit pupil diameter of 80 mm, and an eye relief larger than 300 mm. The rest of the paper is organized as follows: in Sections 2-5, we describe the basic principles of the HHUD, the overall system design parameters, the design and analysis results of our system, and the holographic material, respectively. In Section 6, we propose an optomechanical design with transition plate and implement virtual assembly in mechanical design software. The actual diffraction efficiency of the holographic combiner and the image quality of the prototype are measured in Section 7.
Principles of Holographic Head-Up Displays

A. Basic Principle of HUD
A HUD typically consists of an image source, an optical relay system, and a combiner. As shown in Fig. 1 , the image source is located at the object plane of the HUD's relay system in order to display flight information and various control instructions, which are generated by a computer. The intermediate image is formed between the relay system and combiner, which is positioned in sight of the pilot in such a way-by reflection from the combiner-that a virtual image forms in the far field. Through the combiner, a pilot can simultaneously observe the outside scene, such as a runway, as well as information gathered from various types of sensors [8, [16] [17] [18] .
B. Principles of Reflection Holograms
The term "hologram" in this paper includes transmission holograms and reflection holograms. Reconstructed images of such holograms are observed through transmitted light and reflected light, respectively. Figure 2(a) shows the recording method of a reflection hologram [18, 19] . Two beams of optical waves with the same wavelength, reference wave and object wave, interfere and produce stable interference fringes in the holographic material. The fringes' tangential direction is parallel to the angular bisector between the propagation directions of the reference and object waves. If two beams of light are both plane waves and the angle between them is θ, the cycle of interference fringes, Λ, is written as
where λ is the wavelength [20] . As shown in Fig. 2(b) , a reconstructing wave (with the same properties as the previously mentioned reference wave) will be reflected by the hologram and a virtual image will be formed behind the hologram. Observers can see the image through the reflected wave.
Regarding such a reflection hologram, the source of the reference wave and the incident angle of the object wave are derived from the position of the immediate image and angle α (marked in Fig. 1 ), respectively.
HHUD Performance Requirements
An advanced HUD requires higher brightness, resolution, and diffraction efficiency, as well as a larger FOV and better stability. Industry standards require that the HUD's contrast ratio shall be greater than 1.2, which obeys the following equation [8, 12] :
where L D is the display luminance of the HUD and L B is the luminance of the real-world scene viewed through the combiner. The minimum contrast between the HUD's symbols and the background scene is 1.2. The combiner transmits a minimum of 80% of sunlight. For instance, if the daytime luminance of white clouds is 34; 260 cd∕m 2 , L B is larger than 0.8 × 34; 260 cd∕m 2 . According to Eq. (2), L D must be larger than 5480 cd∕m 2 . Avionics displays require a broad range of dimming control in order to adapt to different working environments [8] . In traditional HUDs, the resolution will be reduced and the CRT phosphor will degrade if the CRT is used at high luminance, thus reducing the CRT's lifetime. Additionally, CRTs require a high voltage and the HUD system's reliability is poorer when CRTs are used. With the rapid development of display technology in recent years, LCD sources have become a substitute for CRTs because they offer advantages such as lower cost, better stability, higher image quality, smaller volume, and so forth. Table 1 shows the parameters of the 3.8 00 LCD display chosen in this design, with a resolution of 1280 × 1024 and a pixel size of 60 μm.
The parameters of the HHUD optical system are summarized in Table 2 . The HHUD has a total FOV (TFOV) of 30°H × 24°V. The vertical FOV is tilted to an angle of −7°, which is consistent with the actual view of the pilot. To enable the pilot to observe the whole image without moving his/her head, HHUD's optical system needs a large instantaneous FOV (IFOV), which is equal to the TFOV [21] .
Because of space limitations in an airplane cockpit, the eye relief of the HHUD's optical system cannot be too large; however, if it is too small, the HHUD's light path may be blocked by the pilot's head. In order to avoid that dilemma, it is best for the HHUD system to have an off-axis angle that is as big as possible. When designing visual instruments-especially biocular systems-a large exit pupil is typically preferred to account for head movement without causing vignetting or image loss. A large pupil, however, often not only compromises the volume and weight of the optical system but also increases design challenges [22] . Thus, considering all these factors, the exit pupil diameter of the system is set to 80 mm. To view comfortably, a 5%-7% distortion is acceptable.
HHUD Optical System Design
A. Design Challenges
Major design difficulties of the HHUD include (1) the vertical FOV's asymmetry and the holographic combiner's off-axis character will result in vast off-axis aberrations, such as coma, astigmatism, and distortion [23] . In order to reduce the processing difficulty associated with a holographic combiner, spherical lenses are used, which limit its capacity for correcting aberrations and distortion. Thus, the relay system must effectively correct aberrations and distortion. (2) To reduce difficulty in processing the optical system and mechanical structure, the optical system needs to use as many spherical lenses as possible and to have a looser tolerance. Realizing higher image quality and lower processing difficulty is a huge challenge.
B. Initial Structure
Generally, the HUD combiner can be classified as either a coating combiner or a holographic combiner. Holographic combiners have the advantages of higher diffraction efficiency and two independent channels [18] . When designing the optical system, we can consider the holographic combiner as a reflector, which can be assured through its fabrication [24] . A HUD's optical system is usually designed with rays traced from the eye position to the image source, which is similar to other visual optical systems [22] . The initial structure is presented in Fig. 3 ; the combiner is a hololens and the relay system consists of nine lenses, the last two of which are decentered in the Y direction. This design has some problems. First, the optical system's TFOV is limited to 6°a nd the combiner's off-axis angle is only 13.4°, much less than desired. Additionally, the third lens cuts the FOV's edge, which generates noticeable vignetting, and marginal overlaps of the following three lenses increase alignment difficulty in the HHUD system. Figure 4 shows the initial structure's polychromatic modulation transfer function (MTF) curves. The MTF value of the marginal FOV drops to zero at 1.5 line pairs/millimeter (lp∕mm). However, the Nyquist frequency of the optical system, f C , is about 9 lp∕mm. For these visual optical systems with oversized entrance pupil diameters, it is not necessary to evaluate MTF within the full-entrance pupil because the eye pupil's diameter is usually 3-8 mm. Therefore, we sample several smaller apertures (with a diameter of 6 mm) within the eye box and evaluate which MTF to use to estimate the image quality of the HHUD system. Figure 5 shows the distribution of the sampled evaluation points. Because the optical system is symmetrical about the YOZ plane, it is sufficient to sample evaluation points in the positive direction of the X axis. The average interpupillary distance is about 64 mm, meaning the user's two eyes would locate on the X axis with coordinates of 32 mm; therefore, point A (32 mm, 0) is chosen as the nominal design eye position, as shown in Fig. 5 .
In conclusion, the initial structure has the disadvantages of poor image quality, small FOV, vignetting, and overlapping, and cannot satisfy the requirements of the design. Thus, further optimization must be performed.
C. Optimization Methods
When designing the external optical path, the light transmit efficiency and the flare caused by highbrightness objects should be considered, and the front and rear surfaces of the hololens are kept as flat as possible to reduce parallax errors and distortion. The design of the internal optical path is more important and difficult than the external optical path. To reduce the mechanical design and alignment difficulty of the internal optical path, the relay system starts with a coaxial configuration. However, if the off-axis aberrations and distortion cannot be minimized to an acceptable value, decentration and tilt of the rear lenses will be added as optimization variables.
The overall length of the relay system would be restricted to a reasonable range due to the limited space of the cockpit. As shown in Fig. 6 , to avoid the light path being blocked by the pilot's head, the macro "JMRCC" in CODEV was used to calculate the length of the line segment PQ and to keep it as long as possible, which increases the holographic combiner's off-axis angle and causes large system distortion and off-axis aberrations. In the final optical system, the relay system includes three decentered and tilted lenses-the seventh, eighth, and ninth lenses. The decentration and tilt of the lenses should be restricted to a reasonable range since the volume and weight of the system and the difficulty of the mechanical design would be increased. In order to avoid physical interference issues between lenses, the optical path must be positive. Taking various factors into consideration, the main constraints are defined as
where L is the overall length of the HHUD relay system, L PQ is the length of the line segment PQ, β is the tilt angle of the lens in the relay system, dy is the decentration of the lens in the Y direction, and opl is the optical path between lenses. In addition, we should also control the eye relief, the off-axis angle of the hololens, the distance between the hololens and the relay system, the size of the image plane, and so forth. Distortion is limited by controlling the chief ray height on the image plane. More than 20 constraints were added during optimization. During the optimization process, three representative wavelengths-515, 525, and 535 nm-were set with weights of 1, 2, and 1, respectively. We set the following parameters as variables, including all the curvatures of all lens surfaces, except for the outside surfaces of the hololens, thickness, decenters in the Y direction, and tilt about the X axis. The final design is shown in Fig. 6 . Several lenses were cut to reduce the volume and weight of the HHUD without causing vignetting. Figure 7 shows the MTF curves of the HHUD system at evaluation point A (which is shown in Fig. 5 ).
The MTF values at 9 lp∕mm are higher than 0.4. As shown in Fig. 8 , the distortion of the HHUD system is smaller than 5%. As shown in Fig. 9 , with a specified image size of 76.7 mm × 61.6 mm, the FOV of the HHUD system achieves the requirements listed in Table 2 and the IFOV of the left eye is almost equal to the right.
D. Tolerance Analysis
Tolerance analysis, which evaluates the processing difficulty of a system, is an essential process in optical design. Using standard definitions of tolerance levels [25] , the majority of tolerances in Table 3 fall under commercial tolerance requirements. Figure 10 shows the results of tolerance analysis at evaluation point A (which is shown in Fig. 5) , where polychromatic MTF is chosen as a tolerance criterion and spatial frequency is 9 lp∕mm. The tolerance results show that, after processing and alignment, the system will maintain MTF values above 0.1 at evaluation point A. The other evaluation points also maintain MTF values larger than 0.1. The results of tolerance analysis indicate that the tolerance requirements of the system are not strict and the difficulty of fabrication and alignment is feasible.
Photopolymer Holographic Material
Currently, holographic materials mainly include silver-halide gelatin, dichromate gelatin, photorefractive materials, and photopolymer materials. Compared with other holographic materials, photopolymers have the advantages of higher luminous sensitivity, higher resolution, higher diffraction efficiency, higher signal-to-noise ratios, easy long-term preservation, and so forth [14] . With respect to such materials, Ha (Beijing Institute of Technology) has developed a water-insoluble photopolymer material that is insensitive to environmental humidity and mainly consists of filmogen (resin), active monomer, photoinitiator, photosensitizer, and chain transfer agent. Figure 11 shows the absorption curves of the photopolymer samples in Ref. [14] before and after exposure. As shown in Fig. 11(a) , the samples have a strong absorption for light of 532 and 572 nm. In experiments, we use a green laser of 532 nm to record holographic grating. Absorption curves of the sample after exposure are shown in Fig. 11(b) . After exposure, the holographic material's volume shrinks and the maximum absorption wavelength shifts to 525 nm, that is to say, the reconstructing wavelength is 525 nm.
Mechanical Structure Design and Virtual Assembly
The performance of the HHUD system also depends on a reliable mechanical structure. Decentered and tilted lenses significantly increase the difficulty of mechanical design. As shown in Fig. 12(a) , to reduce design difficulty, the mechanical structures of noncoaxial lenses are designed independently, which highlights the importance of the connection between two adjacent components. For this reason, we propose an optomechanical design with transition plate.
As shown in Figs. 12(a) and 12(b) , the transition plate is used to connect component 1 to component 2. Three holes, p, are used to connect component 1, and the inside wall of the transition plate is coaxial with component 1; four holes, q, are used to connect component 2, and the intersection point of the axis of the transition plate's outside wall and the axis of component 2 (point N) locates on the left side of the transition plate [shown in Fig. 12(a) ]. Thus, we precisely locate the connection between two adjacent components, and the mechanical design of a single component is easy.
Virtual assembly in computer-aided, mechanical design software is implemented to examine the reliability and precision of the optical and mechanical structures and to help guide the alignment process, which helps save the HHUD's development time and cost. Structural support is designed in a laboratoryoriented environment [presented in Fig. 13(a) ] to test the HHUD's performance. As shown in Fig. 13(b) , an experimental environment is developed with a projector simulating real-world scenes.
Prototype and Experimental Results
The system was fabricated and aligned. Figure 14(a) shows an experimental setup used to measure the diffraction efficiency of the hololens. A laser is located in the eye relief (marked in Fig. 1) , and a laser power meter is used to measure the power of the laser beam before and after being reflected by the hololens orderly. The positions of the laser and the angles of the laser beam are presented in Fig. 14(b) , and the testing results are listed in Table 4 . The actual diffraction efficiency of the hololens, which is larger than 85%, satisfies the requirements. Figure 15 shows the HHUD system on an experimental bench. The experimental results show that the prototype meets the parameters shown in Table 2 . To measure the image quality of the HHUD system intuitively, a standard resolution test chart (the 1951 USAF resolution test chart) is displayed on the LCD screen. The image through the HHUD system is shown in Fig. 16(a) . The second element in the third group that corresponds to a spatial frequency of 9 lp∕mm (the system's Nyquist frequency) can be distinguished. Figure 16(b) shows that the virtual image magnified and projected by the HHUD system is superposed on an outside image, which is displayed by the projector. Meanwhile, the distortion of the virtual image is balanced by prewarping the image displayed on the LCD.
Conclusion
In this paper, we have developed an HHUD with a large FOV of 30°H × 24°V; the MTF of the system is over 0.4 at 9 lp∕mm. The difficulty of processing and alignment has been greatly reduced because the optical surfaces used in the HHUD system are all spherical and the tolerance is loose. In addition, the use of a transition plate can effectively reduce the difficulty of mechanical design and alignment. The use of a new image source increases the luminance of the displayed symbols. The holographic reflection technique not only increases the diffraction efficiency and environmental adaptability of the HHUD but also solves the conflict of diffraction efficiency in two channels. Finally, the performance of the HHUD system was analyzed and a demonstration of an experimental prototype was provided.
